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Current status 
•  SCDA study found high-contrast coronagraph designs for segmented / obscured 

apertures (e.g. APLC, VC), waiting for PIAACMC and HLC designs 

•  We do have coronagraph solutions immune to low-order aberrations for 
unobscured telescopes: 

–  Low-order aberrations (z2-z8, z11) are in the null space of the VC6, enabling 
stability requirement relaxation by ~1-2 orders of magnitude 

–  APLC is very insensitive to tip-tilt errors and to low-order aberrations to some 
degree TBD (a $1B question) 

–  Need to transpose/verify this immunity to obscured telescopes  
(work in progress for VC AND APLC) 

–  All coronagraphs still need to consider realistic aberrations => all yield 
estimations are upper limits (beamwalk will be an issue for all coronagraphs, 
see WFIRST) 



Habex is zeroing on a potential internal 
coronagraph architecture 

•  Charge 6 Vortex with off-axis 4-m monolith: 

–  F/2.0-F/2.5 primary, polarization effects negligible 
–  HST-like coatings (MgF2/Al) on M1 and M2 
–  Wavefront stability potentially relaxed to ~1 nm rms 

(z2-z8,z11) 
–  Exo-Earth yield = 7 (V-band imaging) 



Two instrument architectures 
•  Integral field spectrograph with R~70 (a la WFIRST): 

–  Need to deal with speckle noise 

•  Imager + (fiber-fed?) spectrograph: 

–  Classical imager for detection 

–  R~1000 spectrograph for characterization: 

•  Cross-correlation technique side-steps speckle 
noise, potentially relaxing raw contrast 
requirements by 1-2 orders of magnitude 



Habex and LUVOIR: partial yield 
calculation for internal coronagraphs 

4-m off-axis 6.5-m on-axis 6.5-m off-axis 12-m on-axis 12-m off-axis 

Mission Habex Habex/LUVOIR Habex/LUVOIR LUVOIR LUVOIR 

Coronagraph VC6 APLC VC6 APLC VC6 

exo-Earth Yield 7 12 9-17 31 22-53 

Stability 
C<1e-11:  
Z2->Z8, Z11 

~1 nm ? ~1 nm ? ~1 nm 

F# f/2.0-f/2.5 ? f/2.0-f/2.5 ? f/2.0-f/2.5 

Coating MgF2/Al-Ag ? MgF2/Al-Ag ? MgF2/Al-Ag 

Work in progress 



Coronagraph designs 
for HabEx and LUVOIR

Joint LUVOIR & HabEx STDT meeting.
 Nov 10 th 2016. 

Laurent Pueyo

Thursday, November 10, 16



HDST imageT H E  F U T U R E  O F  U V O I R  S P A C E  A S T R O N O M Y

39

observations. Are these planets indeed all like Neptune with metal-rich 
but hydrogen- and helium-dominated envelopes? Are some of them water 
worlds (~50% by mass water in the interior) with thick steam atmospheres? 
Are some massive, rocky worlds with thin H atmospheres? Or, if all of 
the above and more are true, how are different classes of sub-Neptune 
planets populated? Spectroscopy of cold giant planets is another compara-
tive planetology example. One expectation is that the cold giant planets 
will resemble each other, with atmospheres dominated by CH4, NH3, and 
H2O (depending on the presence of clouds and whether gas depletes into 
clouds). It may be that the giant-planet atmospheric C/H/N/O ratios are 
highly correlated to the host star’s or the system’s overall composition. 
In this case, we would have a general framework in which to understand 
the giant planets in any system. In contrast, the giant planets as seen by 

Figure 3-17: Simulation of a Solar System twin at a distance of 13.5 pc as seen with HDST (12 m 
space telescope) and a binary apodized-pupil coronagraph, optimized using the methods described in 
N’Diaye et al. (2015). The image here simulates a 40-hour exposure in 3 filters with 10% bandwidths 
centered at 400, 500, and 600 nm. The inner and outer working angles used in this simulation are 
4 λ/D and 30 λ/D, respectively. The coronagraph design can support smaller inner working angles 
and larger outer working angles. Perfect PSF subtraction has been assumed (i.e., no wavefront drifts 
between target star and calibrator star). The Earth and its blue color are easily detected. The color 
of Venus is biased because that planet lies inside the inner working angle in the reddest exposure. 
The image employs a linear stretch to the outer working angle and a logarithmic stretch beyond that 
(where the purple-colored ring begins). Image credit: L. Pueyo, M. N’Diaye.

HDST report (2015)

Thursday, November 10, 16
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Fig. 1.— Top left: telescope aperture. Top right: Shaped pupil apodization
for the APLC with the previous aperture. Middle Left: Lyot stop shape. Mid-
dle right and bottom left: Residual intensity in the relayed pupil plane before
and after Lyot stop application. Bottom right: Broadband coronagraphic im-
age of the star with the APLC/shaped pupil hybrid design using the shaped
pupil and Lyot stop showed above, and the FPM of radius r = 4 �0/D. A
1010 contrast region with 3.5 �/D inner and 20 �0/D outer edges is achieved
with our solution over a 10% spectral bandpass, paving the way for the direct
imaging of Earth twins with future large missions.

observation.
Figure 3 displays the contrast curves for our coronagraph

design with a dark zone outer edge ⇢1=10 �0/D using the orig-
inal apodizer from the optimizer and its binarized versions
from numerical simulations. A contrast loss of two orders
of magnitude is observed by simply rounding the pixel val-
ues. The contrast loss can be recovered by using the EDA
method and su�cient oversampling. With a factor of 16 for
the sub-pixelization, we almost recover the initial 1010 con-
trast level reached with our optimized design. With this 9600-
pixel diameter apodizer, we translate these values into phys-
ical units for manufacturing considerations. We assume the
use of black silicon technologies with the current state-of-the-
art for the fabrication of a reflective apodizer prototype (Bal-
asubramanian et al. 2013). Assuming a 10 µm pixel size, an
apodizer prototype with 96 mm diameter can be manufactured
fulfilling the specifications that enable the starlight suppres-
sion down to 10�10 intensity level in visible light with a tele-
scope segmented aperture. This result shows the existence of
suitable, broadband di↵raction suppression solutions with al-
ready manufacturable components (shaped-pupil apodization,
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Fig. 2.— Azimuth averaged intensity profile of the coronagraphic image
produced by our APLC/SP hybrid solutions in 10% broadband light with
the components showed in Figure 1, for three di↵erent dark zone outer
edges. The vertical dashed lines represent the bounds of the search area D
(⇢i = 3.5 �0/D [blue] and ⇢o =10.0, 20.0, and 30.0 �0/D [purple, green,
red]). The red dot line delimits the FPM radius, set to m/2 =4 �0/D. The
averaged contrast over the spectral band in the dark region is below 10�10

(black horizontal line). For each dark zone outer bound, the coronagraph
has here been designed to produce an image core smaller than the projected
FPM size, allowing for both enlargement and expansion of the PSF without
impact on the contrast, making this design virtually insensitive to low-order
aberration, as explained in N’Diaye et al. (2015a).

FPM, Lyot stop) for the direct imaging and spectral analy-
sis of Earth twins with large segmented apertures. Further
coronagraph designs using binary apodization with a smaller
sampling are currently under investigation to reduce the pupil
dimensions in the context of a coronagraph instrument.
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Fig. 3.— Azimuth averaged intensity profile of the coronagraphic image
reached by an APLC solution in 10% broadband light and the parameters
shown in Table 1, except for the Lyot stop which presents a 36% instead of
40% obstruction, providing a quasi-binary shaped pupil. Profiles are repre-
sented for the design with the original grey version, rounded values version,
and the binarized versions using error di↵usion algorithm (EDA, see e.g. Dor-
rer & Zuegel (2007)) with di↵erent lateral size N obtained by sub-pixelization
of the original design gray pixels. The dashed blue vertical lines delimit the
high-contrast search areaD (⇢i = 3.5 �0/D and ⇢o =10.0 �0/D). The red dot
line delimits the FPM radius, set to m/2 = 4 �0/D. The averaged contrast
over the spectral band in the dark region is below 10�10 (black horizontal
line). The 1010 contrast performance of the original design is almost recov-
ered with a EDA version using N=9600. Relating on current black silicon
technologies to manufacture Shaped pupil mask for WFIRST-AFTA corona-
graph (Balasubramanian et al. 2013), we translate these values into physical
units. Assuming a 10 µm size for a pixel, the apodizer of our design can
currently be fabricated with a 96 mm diameter prototype to work in visible
light.

N’diaye et al. (2015)

Stark et al. (2015)
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Fig. 5.— Simulated multicolor pictures of a solar system twin at 13.5 pc with
a 12 m telescope and our coronagraph design with an OWA ⇢1 =30 �0/D at
di↵erent exposure times (from left to right: 8h, 40h). The solar system was
modeled with the Haystacks project (Courtesy A. Roberge et al.), includ-
ing spectroscopic and spatial information for all the components within the
exoplanetary system. Each picture is a composite of three images on three
channels around 400, 500 and 600 nm, each with 10% bandpass and a coro-
nagraph optimized for this band. In this simulation, we assume a perfect
wavefront, no wavefront drifts between the target solar system star and cal-
ibrator star for the image processing, and only photon noise. Earth is at 2
o’clock and is indeed blue, Venus is at 9 o’clock, Zodiacal light is elongated
along the 2-8 o’clock direction, Jupiter is at 10 o’clock in the red channel
(600 nm): it is outside of the dark hole at shorter wavelengths. In that chan-
nel, most of Venus is hidden by the coronagraph. Linear and logarithmic
scale representations are used inside and outside the high-contrast region for
each coronagraph.

For our design reference missions analysis, we assume
a five-year mission using our coronagraph design with two
years dedicated to exo-Earth detection (one total year of ex-
posure time and another year of overheads). We assume the
dimmest detectable planet is 27.5 mag fainter than its host
star, one order of magnitude beyond the raw contrast. We note
that although our adopted noise floor is very optimistic, noise
floors beyond ⇠26 mag do not greatly impact the yield; adopt-
ing a more conservative noise floor of 26 mag fainter than the
host star will not change our results significantly (Stark et al.
2015). We assume an observation time only devoted to de-
tection in V band (no spectral characterization) with signal-
to-noise ratio SNR�7, and noiseless detectors (photon noise
limited observations).

We use several astrophysical assumptions to estimate our
Earth-analog candidate yield, see Stark et al. (2015) for a
detailed description of astrophysical assumptions made here.
We assume Earth twins with parameters as described in Stark
et al. (2014). We adopt the optimistic habitable zone defini-
tion from Kopparapu (2013) for Sun-like stars (OKHZ), rang-
ing from 0.75 - 1.77 AU, and scale it with the square root of
the stellar luminosity. Exo-Earth orbits are assumed circular,
based on the eccentricity-radius correlation from Kane et al.
(2012). We assume ⌘� = 0.1, the fraction of stars with Earth-
sized planets in the OKHZ, based on planet occurrence es-
timates ranging from 0.05 to 0.2 for Sun-like stars (Petigura
et al. 2013; Marcy et al. 2014; Silburt et al. 2015). In this sim-
ulation, we also include di↵erent amounts of exozodiacal dust
in units of zodis, using the ”zodi” definition from Stark et al.
(2014).

Figure 6 represents the yield of exo-Earth candidates as a
function of the telescope diameter for di↵erent exozodi levels.
The yield for a mission equipped with our coronagraph im-
proves substantially as the telescope diameter increases. As-
suming a future constraint on the median exozodi level of <3
zodis, we estimate our coronagraph design with a 12 m seg-
mented aperture can detect 12.5 exo-Earth candidates, assum-
ing a perfect and stable wavefront.

Clearly, our novel design here produces a moderate yield

for such large telescope. However, we have here presented
a 1010 raw contrast design as a first iteration, representing a
proof of existence of coronagraphs that can both be manufac-
tured as of today and handle large segmented aperture in terms
of starlight attenuation for Earth twin observations. This pre-
liminary design leaves room for yield improvement in coron-
agraphy, in particular with the APLC/SP hybrid concept, by
exploring trade-o↵s in coronagraph design parameters (focal
plane mask size and type, inner and outer edges of the dark
zone, Lyot stop geometry).

In an attempt to identify the key points for yield enhance-
ment, we assess the impact of the coronagraph parameters on
the yield, see Table 3. A few observations can be derived from
its analysis:

1. the dark region outer edge is a good parameter to de-
grade in coronagraph design since it barely alters the
exo-Earth yield and its reduction allow increasing the
amount of flux in the PSF core. In contrast, maintaining
a large dark region outer edge would favor the detec-
tion of companions, such as mature Jupiter-like planets
at large separations

2. trading o↵ contrast for IWA is worthwhile if we gain
a > 0.5 �0/D in IWA for a factor of 2 degradation in
contrast

3. the PSF core size impacts our design performance

4. since we estimate contrast with respect to the PSF peak
in the absence of focal plane mask, the throughput does
not a↵ect the amount of leaked starlight hitting the de-
tector. Thus, increasing the throughput is more valu-
able than enlarging the bandwidth or mission lifetime
because it does not increase one of the sources of noise.

These remarks give us a clear path for further coronagraph
designs to enhance the yield and provide a maximized science
return with future large space observatories.
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Fig. 6.— ExoEarth candidate Yield with our coronagraph design as a func-
tion of the telescope diameter for di↵erent exozodi levels. Following the 12 m
telescope scenario for the ATLAST concept, we find 12.5 detectable exo-
Earth candidates within 3 zodi levels for this mission with our coronagraph
characteristics (IWA, OWA, contrast, Airy throughput), assuming a perfect
and stable wavefront. Unsurprisingly, the exoplanet number drops at 5 with
60 exo-zodi levels but the initial exo-Earth yield is recovered by increasing
the aperture size up to 20 m.

How to design higher performance coronagraphs?
Thursday, November 10, 16



Robustness to misalignments

By forcing the “core of the PSF” to be smaller than the 
focal plane mask we are buying robustness to 
misalignments. 
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& Vanderbei 2003) using a series of 2 aspherical mirrors to
reach small angular separations (< 2 �0/D). With such an
implementation, the apodizer throughput is unity and the an-
gular resolution units is magnified by the field-independent
centroid-based angular magnification defined in Pueyo et al.
(2011). With an estimated PIAA magnification of 3.0, our
mask radius becomes 1.3 �0/D in PIAA units, allowing the
observation of planets that are very close to their host star.

In the following, we analyze and compare the tip-tilt sensi-
tivity of several APLCs (including one design optimized with
⇢

i

< m/2).
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Figure 5. Coronagraph throughput as a function of the search area inner
radius ⇢

i

and the FPM radius m/2 for a circular pupil with 14% central ob-
scuration in pupil radius ratio (Gemini-like), a 28% centrally obstructed Lyot
stop (ID=2), a search area outer radius ⇢

o

= 20 �0/D, and a contrast target
C = 8 for a 20% bandwidth. Note that one point in this plot corresponds
to an APLC design with a value associated with the coronagraph throughput
criterion, and that regions with zero throughut (in purple) corresond to cases
where the linear pogram does not have a solution. Each point corresponds
to a mask radius and an inner edge of the dark region that have been set in
the optimization process of the coronagraph. Two di↵erent regimes are split
by the diagonal white dotted line representing the ⇢

i

= m case. Surprisingly,
solutions are found for ⇢

i

< m/2 (above diagonal), providing coronagraphic
images with dark zone below the mask radius. Obviously, this dark region
behind the projected mask radius in the final image plane is inaccessible for
companion detection and then, no companions are observable at these sep-
arations. However, there is room for an enlargement or displacement of the
coronagraphic image core due to low-order aberrations without altering the
contrast ratio in the dark region above the mask in which planets are expected
to be found. These coronagraphic designs are hence expected to be more ro-
bust to errors such as telescope jitter in a real system. The cross mark denotes
the selected solution for a case where ⇢

i

< m/2 and presented hereafter in Fig.
6 with purple curves.

4. LOW-ORDER ABERRATION SENSITIVITY ANALYSIS

Low-order aberrations are currently identified as one of the
major issues in current and future coronagraphic facilities to
reach high-contrast performance and small IWA. Strategies
including instrument thermal control, fine low-order wave-
front sensing and control are currently investigated to ensure
a stable, near-perfect pointing of an observed bright star on
the coronagraph in exoplanet direct imagers. Instrumental
pointing error constraints can be alleviated by designing tol-
erant coronagraphs to telescope jitter and focus shift. Sup-

port struts also have an impact on coronagraph performance
in the presence of low-order aberrations. However, they rep-
resent high-spatial frequency structures in the aperture, hav-
ing a dimmer impact on low-order wavefront errors than the
central obscuration and hence, they are not considered in our
analysis. Their e↵ects can be mitigated in the Lyot plane with
a Lyot stop design that accounts for low-order aberration tol-
erance.

We here compare the properties of three di↵erent APLCs
to illustrate the properties of this new type of solutions with
GPI as a baseline for comparison and the other two with nu-
merically optimized apodizers with larger FPMs but with the
same aperture and Lyot stop geometry (14% and 28% central
obstruction).

• the current GPI implementation using a prolate
apodization for a mask radius m/2 = 2.8 �0/D in H-
band. Made for a 14% central obstruction and 28%
central obstruction Lyot stop, this design follows the
GPI specifications, providing a 10�7 contrast at 5 �0/D
(0.2”) in H-band (Soummer et al. 2011b). The design
is recalled in Figure 6.

• The design identified in Figure 3 and detailed in 4, with
the existing GPI mask of radius m/2 = 3.48 �0/D in
H-band, a dark region inner radius of ⇢

i

= 4.0 �0/D,
20% bandpass, a 14% central obstruction and 28% ob-
structed Lyot stop (ratios are expressed in pupil radius
ratio).

• A second similar design with FPM of radius m/2 =
4.0 �0/D. The dark region for the design optimization
is defined such that the inner bound is smaller the mask
radius (⇢

i

= 3.4 �0/D) for a 108 contrast target. The so-
lution is displayed in Figure 6 for comparison with the
current GPI implementation.

The design parameters are listed in Table 4. We now com-
pare the robustness of these three designs to tip tilt errors and
higher-order aberrations, and we envision future possible so-
lutions for GPI upgrade.

Table 4

Parameters of the three APLCs for sensitivity analysis.

APLC Apodizer Mask radius Dark region inner Plots
m/2 (�0/D) edge ⇢

i

(�0/D)
GPI design in H-band prolate 2.80 5.0 Fig. 6
Optimizer solution 1 apodizer 3.48 4.0 Fig. 4
Optimizer solution 2 apodizer 4.00 3.4 Fig. 6
Note. — All designs are made for a 14% centrally obstructed aperture and

a 28% obstructed Lyot stop (expressed in pupil radius ratio).

4.1. Tip-tilt error and low-order aberrations

Figure 7 shows the contrast performance at 5 �0/D of the
three APLCs as a function of tip tilt, defocus, astigmatism,
coma, trefoil and spherical aberration in each of the 6 panels.
In the tilt case (top left panel), the curves of our optimizer de-
signs present a plateau for pointing errors ranging from 0 to
0.25 �0/D (11 mas for an 8 m class telescope in H-band) with
an intensity level below 10�7 for tip-tilt smaller than 0.5 �0/D
(22 mas) while the profile for the current GPI design exhibits a
contrast loss as the star pointing error increases with an inten-
sity level above 10�7. For the other aberrations, our designs

Low-order aberration insensitive APLC solutions 9
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Figure 6. Illustration of optimized new solutions for the GPI configuration with re-optimization of both the apodizer and FPM, with comparison of APLC
designs with apodization using a prolate function and our linear optimization approach. Left: Radial amplitude profiles of the apodizer for 20% bandwidth, an
aperture with 14% centrally obstruction in pupil radius ratio (orange vertical line) and 28% centrally obstructed Lyot stop (brown vertical line). Two APLCs are
represented here: the GPI design (purple) made with a prolate apodization for a FPM m/2 = 2.8 �0/D as described in Soummer et al. (2011b) and an optimized
design (red) for a FPM radius m/2 = 4.0 �0/D, and search area bounds ⇢

i

= 3.4 �0/D and ⇢
o

= 20 �0/D. Right: Radial intensity profiles of the broadband
coronagraphic image with these apodizers over the 20% bandwidth. The focal mask radii, the inner and outer bounds of the search area are delimited with dashed
vertical lines. The average broadband contrast is below 10�8 in the specified dark region for the optimizer design (black horizontal line), showing significant
performance improvement over the current GPI design for separations shorter than 8 �0/D and enlargement of the discovery space at the shortest distances from
the star.

also show an intensity level is one to two order of magnitude
smaller than the current GPI design.

Our designs show a clear improvement both in contrast and
in robustness to low-order aberrations compared with the GPI
current implementation. This is particularly interesting in the
context of GPI for which telescope jitter has been identified
as an important issue in the first runs of the instrument (be-
yond the 3 mas initially specified during the instrument de-
sign process, Hartung et al. 2014). More generally, jitter and
vibrations are a potential concern for any coronagraphic in-
strument either on the ground or in space, and optimizing in-
strument designs with increased robustness to tip/tilt errors is
therefore highly valuable.

Our new designs with the optimizer remove the di↵raction
at smaller angular separations from the star than with the cur-
rent GPI design (i.e. between 4 and 5 �0/D), and increase
the raw contrast between 4 and 8 �0/D by one order of mag-
nitude or more. However the coronagraph throughput is re-
duced slightly from 46% with GPI implementation to 36% in
our best case.

Our designs constitute promising options for a potential
coronagraph upgrade for GPI. In particular, the insertion of
the design with m/2 = 3.48 �0/D only requires the replace-
ment of the apodization in the filter wheels of the instrument.
The insertion of the design with m/2 = 4.0 �0/D requires the
introduction of a new FPM in addition to replacement of an
apodizer, o↵ering an even larger discovery space and a more
robust system to low-order aberrations than the design men-
tioned above.

These results are detailed for the GPI design as an illustra-
tion comparison point without loss of generality, and apply to
any other coronagraphic configuration.

4.2. stellar angular size

The study of the robustness to tip-tilt errors can be extended
to stellar angular sizes. Indeed, an on-axis resolved star can be
seen as a combination of o↵-axis point sources at all the an-
gular positions ranging up to the stellar angular radius. This is
equivalent to consider a sum of tip-tilt point sources weighted
with their o↵set position. We can devise the coronagraph con-

trast sensitivity at 5 �0/D by averaging the solid-line profiles
showed in Figure 7 with weights corresponding to the o↵set
positions.

Figure 8 displays the contrast performance at 5 �0/D of the
three designs as a function the angular size of the observed
objects (dashed curves). As with the pointing errors, our opti-
mizer designs are more robust to stellar angular size than the
current GPI implementation.

5. CONCLUSION

We have presented novel APLC designs that are specifi-
cally optimized to meet a given level of contrast in a dark
region in the broadband coronagraphic PSF. These solutions
rely on the linear relation between the coronagraphic electric
field and the entrance pupil apodization at any wavelength,
and on Linear Programming optimization similar to those de-
veloped for Shaped Pupil concepts (e.g Kasdin et al. 2003;
Vanderbei et al. 2003a; Carlotti et al. 2011).

We developed solutions for Gemini/GPI to propose future
possible upgrades. Within a dark region ranging between
5 �0/D and 20 �0/D and over a 20% bandwidth and in the
presence of a 14% central obstruction our solution o↵ers a 108

contrast, which is compatible with the contrast specifications
for the instrument.

The major advance of the proposed solutions is the ability
to produce dark holes with an inner bound smaller than the
FPM radius. Such concepts are extremely interesting for their
very high tolerance to low-order aberrations including jitter
and focus shift, and the proposed designs are virtually insen-
sitive to jitter or tip tilt up to ±10 mas.

In this context, we analyzed our solutions and compared
them with the current GPI implementation in H- band in terms
of contrast performance and robustness to low-order aberra-
tions. Our new designs increase considerably the robustness
to low-order aberrations by a factor of several orders of mag-
nitude theoretical contrast gain for a system throughput higher
than 35% (about a 10% reduction compared to GPI). These re-
sults are encouraging for future potential upgrades of APLCs
on GPI, SPHERE and P1640.

To a larger extent, our new approach allows us to pro-
pose APLCs with high-contrast performance and robustness

N’diaye et al. (2014)
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Robustness to misalignments

N’diaye et al. (2014)
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Figure 7. Average intensity of the broadband coronagraphic image at a 5 �0/D angular separation from the optical axis as a function of the wavefront error for a
given low-order aberration. From top to bottom and left to right, the six panels correspond to tilt, defocus, astigmatism, coma, trefoil, and spherical aberrations.
In each panel, profiles are given for three APLCs working with a 14% centrally obstructed aperture and 28% Lyot stop obstruction (ratios are expressed in pupil
radius ratio): the GPI design made with a prolate apodization for a FPM m/2 = 2.8 �0/D as described in Soummer et al. (2011b) and two designs with di↵erent
couples of mask size and search area inner bound: {design 1, m/2 = 3.48 �0/D; ⇢

i

= 4.0 �0/D} and {design 2, m/2 = 4.0 �0/D; ⇢
i

= 3.4 �0/D}, see parameters in
Table 4. The blue solid line denote the 10�7 intensity levels specified for GPI coronagraphs. For each type of aberration, our coronagraphs maintain an intensity
level below 10�7 at larger wavefront errors than the GPI design, showing low-order aberration sensitivity improvement. For example in the case of tilt (top
left panel), our optimizer design 2 curve presents a plateau and intensity levels below 10�8 for pointing errors up to 0.25 �0/D (11 mas for an 8 m telescope in
H-band), underlining the contrast performance stability of our coronagraph design compared to the GPI implementation.

to low-order aberrations. This is particularly interesting in the
context of future space missions (WFIRST-AFTA [Spergel
et al. 2013], EXO-C, ATLAST [Postman et al. 2012], etc) for
which controlling low order aberrations and jitter is an impor-
tant challenge. Robust coronagraphs are complementary to

low-order wavefront sensing and control to reach stable high-
contrast performance (N’Diaye et al. 2013a). The APLC type
coronagraph therefore constitutes a promising option for fu-
ture exoplanet direct imaging missions. APLC can be com-
bined with PIAA as the apodization implementation to reach
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Coronagraphs: starting pointAPLC/Shaped Pupil Hybrid Solutions 5
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Fig. 1.— Top left: telescope aperture. Top right: Shaped pupil apodization
for the APLC with the previous aperture. Middle Left: Lyot stop shape. Mid-
dle right and bottom left: Residual intensity in the relayed pupil plane before
and after Lyot stop application. Bottom right: Broadband coronagraphic im-
age of the star with the APLC/shaped pupil hybrid design using the shaped
pupil and Lyot stop showed above, and the FPM of radius r = 4 �0/D. A
1010 contrast region with 3.5 �/D inner and 20 �0/D outer edges is achieved
with our solution over a 10% spectral bandpass, paving the way for the direct
imaging of Earth twins with future large missions.

observation.
Figure 3 displays the contrast curves for our coronagraph

design with a dark zone outer edge ⇢1=10 �0/D using the orig-
inal apodizer from the optimizer and its binarized versions
from numerical simulations. A contrast loss of two orders
of magnitude is observed by simply rounding the pixel val-
ues. The contrast loss can be recovered by using the EDA
method and su�cient oversampling. With a factor of 16 for
the sub-pixelization, we almost recover the initial 1010 con-
trast level reached with our optimized design. With this 9600-
pixel diameter apodizer, we translate these values into phys-
ical units for manufacturing considerations. We assume the
use of black silicon technologies with the current state-of-the-
art for the fabrication of a reflective apodizer prototype (Bal-
asubramanian et al. 2013). Assuming a 10 µm pixel size, an
apodizer prototype with 96 mm diameter can be manufactured
fulfilling the specifications that enable the starlight suppres-
sion down to 10�10 intensity level in visible light with a tele-
scope segmented aperture. This result shows the existence of
suitable, broadband di↵raction suppression solutions with al-
ready manufacturable components (shaped-pupil apodization,
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Fig. 2.— Azimuth averaged intensity profile of the coronagraphic image
produced by our APLC/SP hybrid solutions in 10% broadband light with
the components showed in Figure 1, for three di↵erent dark zone outer
edges. The vertical dashed lines represent the bounds of the search area D
(⇢i = 3.5 �0/D [blue] and ⇢o =10.0, 20.0, and 30.0 �0/D [purple, green,
red]). The red dot line delimits the FPM radius, set to m/2 =4 �0/D. The
averaged contrast over the spectral band in the dark region is below 10�10

(black horizontal line). For each dark zone outer bound, the coronagraph
has here been designed to produce an image core smaller than the projected
FPM size, allowing for both enlargement and expansion of the PSF without
impact on the contrast, making this design virtually insensitive to low-order
aberration, as explained in N’Diaye et al. (2015a).

FPM, Lyot stop) for the direct imaging and spectral analy-
sis of Earth twins with large segmented apertures. Further
coronagraph designs using binary apodization with a smaller
sampling are currently under investigation to reduce the pupil
dimensions in the context of a coronagraph instrument.
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Fig. 3.— Azimuth averaged intensity profile of the coronagraphic image
reached by an APLC solution in 10% broadband light and the parameters
shown in Table 1, except for the Lyot stop which presents a 36% instead of
40% obstruction, providing a quasi-binary shaped pupil. Profiles are repre-
sented for the design with the original grey version, rounded values version,
and the binarized versions using error di↵usion algorithm (EDA, see e.g. Dor-
rer & Zuegel (2007)) with di↵erent lateral size N obtained by sub-pixelization
of the original design gray pixels. The dashed blue vertical lines delimit the
high-contrast search areaD (⇢i = 3.5 �0/D and ⇢o =10.0 �0/D). The red dot
line delimits the FPM radius, set to m/2 = 4 �0/D. The averaged contrast
over the spectral band in the dark region is below 10�10 (black horizontal
line). The 1010 contrast performance of the original design is almost recov-
ered with a EDA version using N=9600. Relating on current black silicon
technologies to manufacture Shaped pupil mask for WFIRST-AFTA corona-
graph (Balasubramanian et al. 2013), we translate these values into physical
units. Assuming a 10 µm size for a pixel, the apodizer of our design can
currently be fabricated with a 96 mm diameter prototype to work in visible
light.

N’diaye et al. (2015)

6

3.3. O↵-axis throughput
Beyond starlight removal, estimating the amount of photons

from the nearby objects through the coronagraph is important
to determine the observation time required for accurate pho-
tometry, astrometry, and spectral analysis of the star compan-
ions. We consider the Airy throughput as a metric to deter-
mine the fraction of transmitted light from o↵-axis compan-
ions through our coronagraphic system. The Airy through-
put is defined as the ratio of the total energy inside the core
of the o↵-axis coronagraphic PSF to the total energy inside
the core of the telescope PSF. Since our design makes use
of a pupil apodization, the image of an o↵-axis companion
is an apodized PSF, which sharpness is defined by the shaped
pupil. Throughputs are displayed for our coronagraph designs
with three di↵erent PSF dark zones in Table 2. For the Airy
throughput, we adopt a 0.75 �0/D core radius for the photo-
metric aperture to account for the modified light distribution
in the PSF in the presence of the shaped-pupil apodization.
This ideal value has been determined after calculating the exo-
Earth yield, presented in the next section, as a function of the
photometric size aperture to maximize the planet’s light signal
compared with di↵erent sources of noise backgrounds (leaked
starlight, exozodi, local zodi, etc.). In the background-limited
regime, for an Airy pattern PSF, the ideal photometric aper-
ture radius is ⇠ 0.7 �0/D, which contains ⇠ 70% of the planet’s
PSF.

Our throughputs have been estimated with a sampling of 5
pixels per resolution element (�0/D). For the design showed
in Figure 1, the Airy throughput within the dark region and
with respect to the segmented aperture is estimated with a
maximum of 18.4% and with about half of it at an angular
separation of 4.2 �0/D, giving the IWA of our design. Table
2 summarizes the throughputs for our coronagraph designs,
showing its evolution as a function of di↵erent separations.

Further improvements in contrast and IWA are expected
with a full exploration of the parameter space for this coro-
nagraph (FPM, Lyot stop geometry, bandwidth), following
N’Diaye et al. (2015a), to identify the solution with the best
throughput for a given aperture geometry.

TABLE 2
Throughput estimates for our coronagraph designs in Figure 2 with

different dark zone outer bounds. Airy throughputs are estimated with a
1.5 �0/D size photometric aperture , using 5 pixels per �0/D.

Values wrt to aperture geometry Clear Segmented
⇢o in �0/D 10.0 20.0 30.0 10.0 20.0 30.0

Airy throughput in % at
4.0 �0/D 3.1 2.9 2.7 5.8 5.4 5.1
4.2 �0/D 5.1 4.7 4.5 9.5 8.9 8.4
5.0 �0/D 8.6 8.1 7.7 16.1 15.2 14.4
6.0 �0/D 10.0 9.3 8.8 18.7 17.5 16.5

Max. Airy Throughput in % 10.5 9.8 9.3 19.8 18.4 17.4

3.4. Stellar Angular Size Sensitivity Analysis
Since on-axis resolved stars is identified as one of the major

concerns for high-contrast imaging of extrasolar planets with
future large telescopes (Guyon et al. 2006), we analyze the
impact of the stellar angular size on the performance of our
coronagraphs.

An on-axis resolved star can be seen as a combination of
o↵-axis point sources at all the angular positions ranging up
to the stellar angular radius. This is equivalent to consider a
sum of tip-tilt point sources weighted by 2 ⇡ ⇠ where ⇠ here

corresponds to the o↵set position. We can devise the corona-
graph contrast sensitivity at 5 �0/D by averaging the solid-line
profiles for the coronagraphic images of tip-tilt sources with
weights corresponding to the o↵set positions, as previously
done in N’Diaye et al. (2015a).

Figure 4 shows the contrast performance at 5 �0/D of the
20 �0/D-OWA design as a function of the angular size of the
observed objects. Our designs are robust enough to stellar
angular size to allow observation of planets around Sun-like
stars located beyond 4.4 pc.

With our hybrid concept and assuming a perfect and sta-
ble wavefront, a solar system twin with unresolved compan-
ions at 13.5 pc could be observed with a 12 m telescope in
8 h and characterized with less than two-day exposure time
under photon-noise limited regime, see Figure 5. In this nu-
merical simulation, we did not account for the motion of the
planet and the required post-processing methods to increase
the signal-to-noise ratio of planets in such long period ob-
servations. Promising strategies for such e↵ect have recently
been proposed to e�ciently combine the di↵erent frames of
the sequence of observation for the planet with orbital motion
during the observations (Males et al. 2015). Our design is
fully functioning for detection and characterization of Earth
twins around nearby stars.
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Fig. 4.— Averaged intensity of the broadband coronagraphic image at a
5 �0/D angular separation from the optical axis as a function of the stellar
angular size. The curve is obtained for our design with ⇢1 =20 �0/D. Blue
solid line denotes the 10�10 intensity level. Our design presents a plateau and
intensity levels below 10�10 for stellar angular size up to 0.12 �0/D, underlin-
ing the contrast performance stability of our coronagraph design. Assuming
a 12 m telescope at 500 nm, our coronagraph is robust to stellar angular sizes
up to 1.1 mas, allowing observations of planets around Sun-like star located
beyond 4.4 pc.

4. EXO-EARTH YIELD ESTIMATE

The number of observable Earth-sized planets in the hab-
itable zone of their parent star (exo-Earth candidates) rep-
resents a key metric for future exoplanet imaging missions.
Several studies have estimated the exo-Earth candidate yield
with future coronagraphic missions (e.g. Brown 2005; Brown
& Soummer 2010). We estimate the exo-Earth candidate yield
for a future exoplanet direct imaging mission with our coro-
nagraph design using the methods developed by Stark et al.
(2014) and Stark et al. (2015). These methods maximize the
yield of Earth twins by simultaneously optimizing many as-
pects of the observation plan, including the exposure times
of all observations, the number of visits to each star, and the
delay time between revisits.

As long as the target is 
farther than 4.4 pc, stellar 
angular size has no impact on 
contrast.
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This will fly on WFIRST

This is the technology that will fly with WFIRST 
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Coronagraphs: SCDA study

• Telescope builders choose possible architectures.
• Coronagraph designers do their homework
• Coronagraph design propagated through PROPER code. 
• Agreed upon metrics for yield calculations are estimated. 
• Yield calculation. 

SPC team: Remi Soummer, Neil Zimmerman, Kathryn St Laurent, 
Chris Stark, Robert Vanderbei, Jeremy Kasdin. 
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SCDA results SP/APLC
August-Sep 2016: New APLC design survey  

with expanded parameter range
• 3100 new designs optimized on NCCS Discover supercomputer
• All SCDA reference apertures (hexagonal, pie, and keystone primaries)
• Inner working angles down to 2.5 λ/D
• With and without central obscuration (on-axis versus off-axis)
• Contrast fixed at 10

-10
 throughout

NCCS Discover is an efficient tool 
for running many linear optimization 
programs to survey the APLC design 
parameter space.  
 
Up to 50 optimization jobs run 
concurrently, with typical completion 
times < 6 hours.

STScI team has submitted a proposal 
to renew the NCCS allocation in 
November (~25k run hours) 

Optimization completion time per design

Courtesy of Neil 
Zimmerman
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SCDA results SP/APLC
August-Sep 2016: New APLC design survey  

with expanded parameter range

Throughput of best designs as a function of IWA

• 3100 new designs optimized on NCCS Discover supercomputer
• All SCDA reference apertures (hexagonal, pie, and keystone primaries)
• Inner working angles down to 2.5 λ/D
• With and without central obscuration (on-axis versus off-axis)
• Contrast fixed at 10

-10
 throughout

Courtesy of Neil 
Zimmerman
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Fig. 1.— Top left: telescope aperture. Top right: Shaped pupil apodization
for the APLC with the previous aperture. Middle Left: Lyot stop shape. Mid-
dle right and bottom left: Residual intensity in the relayed pupil plane before
and after Lyot stop application. Bottom right: Broadband coronagraphic im-
age of the star with the APLC/shaped pupil hybrid design using the shaped
pupil and Lyot stop showed above, and the FPM of radius r = 4 �0/D. A
1010 contrast region with 3.5 �/D inner and 20 �0/D outer edges is achieved
with our solution over a 10% spectral bandpass, paving the way for the direct
imaging of Earth twins with future large missions.

observation.
Figure 3 displays the contrast curves for our coronagraph

design with a dark zone outer edge ⇢1=10 �0/D using the orig-
inal apodizer from the optimizer and its binarized versions
from numerical simulations. A contrast loss of two orders
of magnitude is observed by simply rounding the pixel val-
ues. The contrast loss can be recovered by using the EDA
method and su�cient oversampling. With a factor of 16 for
the sub-pixelization, we almost recover the initial 1010 con-
trast level reached with our optimized design. With this 9600-
pixel diameter apodizer, we translate these values into phys-
ical units for manufacturing considerations. We assume the
use of black silicon technologies with the current state-of-the-
art for the fabrication of a reflective apodizer prototype (Bal-
asubramanian et al. 2013). Assuming a 10 µm pixel size, an
apodizer prototype with 96 mm diameter can be manufactured
fulfilling the specifications that enable the starlight suppres-
sion down to 10�10 intensity level in visible light with a tele-
scope segmented aperture. This result shows the existence of
suitable, broadband di↵raction suppression solutions with al-
ready manufacturable components (shaped-pupil apodization,
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Fig. 2.— Azimuth averaged intensity profile of the coronagraphic image
produced by our APLC/SP hybrid solutions in 10% broadband light with
the components showed in Figure 1, for three di↵erent dark zone outer
edges. The vertical dashed lines represent the bounds of the search area D
(⇢i = 3.5 �0/D [blue] and ⇢o =10.0, 20.0, and 30.0 �0/D [purple, green,
red]). The red dot line delimits the FPM radius, set to m/2 =4 �0/D. The
averaged contrast over the spectral band in the dark region is below 10�10

(black horizontal line). For each dark zone outer bound, the coronagraph
has here been designed to produce an image core smaller than the projected
FPM size, allowing for both enlargement and expansion of the PSF without
impact on the contrast, making this design virtually insensitive to low-order
aberration, as explained in N’Diaye et al. (2015a).

FPM, Lyot stop) for the direct imaging and spectral analy-
sis of Earth twins with large segmented apertures. Further
coronagraph designs using binary apodization with a smaller
sampling are currently under investigation to reduce the pupil
dimensions in the context of a coronagraph instrument.
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Fig. 3.— Azimuth averaged intensity profile of the coronagraphic image
reached by an APLC solution in 10% broadband light and the parameters
shown in Table 1, except for the Lyot stop which presents a 36% instead of
40% obstruction, providing a quasi-binary shaped pupil. Profiles are repre-
sented for the design with the original grey version, rounded values version,
and the binarized versions using error di↵usion algorithm (EDA, see e.g. Dor-
rer & Zuegel (2007)) with di↵erent lateral size N obtained by sub-pixelization
of the original design gray pixels. The dashed blue vertical lines delimit the
high-contrast search areaD (⇢i = 3.5 �0/D and ⇢o =10.0 �0/D). The red dot
line delimits the FPM radius, set to m/2 = 4 �0/D. The averaged contrast
over the spectral band in the dark region is below 10�10 (black horizontal
line). The 1010 contrast performance of the original design is almost recov-
ered with a EDA version using N=9600. Relating on current black silicon
technologies to manufacture Shaped pupil mask for WFIRST-AFTA corona-
graph (Balasubramanian et al. 2013), we translate these values into physical
units. Assuming a 10 µm size for a pixel, the apodizer of our design can
currently be fabricated with a 96 mm diameter prototype to work in visible
light.

Stark et al. (2015)

How to better design coronagraph.

Courtesy of Neill Zimmerman
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Fig. 1.— A: classical VC of topological charge 2 with a centrally obscured telescope of radius R (r0 is the radius of the secondary shadow).
The residual field interior to the pupil (between r0 and R) leads to contrast degradation in the subsequent focal plane image, as the fraction
of the total energy remaining inside the pupil is (r0/R)2, or 0.04 for a 20% central obscuration. B.: RAVC of topological charge 2. The
ring of radius r1 and amplitude transmittance t1 is optimized so that the overlap of the self-similar vortex functions at the Lyot plane
issued from the central obscuration (green curve) and the ring (blue curve) perfectly cancel each other between r1 and R (red curve).

There is a whole set of solutions to Eq. 4 with 0 <
t1 < 1 and r0 < r1 < R. However, the best solution
will maximize the throughput T for a given r0. T is
defined as the energy going through the ring r1 < r < R,
normalized by the energy nominally transmitted by the
centrally obscured telescope aperture, or

T =
t21

(

1−
(

r1
R

)2
)

1−
(

r0
R

)2 (5)

Substituting Eq. 4 into Eq. 5, and differentiating T
with respect to t1, we find the optimal ring parameters
associated with a charge 2 VC

⎧

⎨

⎩

t1,opt = 1− 1
4

(

R2
0 +R0

√

R2
0 + 8

)

R1,opt =
R0√

1−t1,opt

(6)

where R0 = r0/R, and R1 = r1/R are the relative
radii. Note that t1,opt and R1,opt are functions of r0/R
only (see Fig. 3), which is remarkably analogous to the
problem associated to designing apodizers for apodized
pupil Lyot coronagraphs (APLC) with hard edge focal
plane masks (Soummer 2005). Indeed, in both cases,
there only exists a unique apodizer configuration that
maximizes throughput while yielding a chosen level of
starlight extinction. However due to the nature of the
VC, this optimal solution turns out to rely on sharp vari-
ation of the amplitude profile while the optimal solutions
for an APLC are smooth.

3. CHARGE 4 RAVC

The charge 2 RAVC design is simple and the analytical
solution very easy to find. The cancellation of the field
at the Lyot stop within the outer ring, and the through-

Mawet et al. (2013)
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Fig. 5.— Theoretical maximum throughput of the RAVC2 and
RAVC4 with transmissive ring apodizers for various obscuration
relative diameters r0/R. The throughput decreases with the topo-
logical charge and central obscuration.

tor (Mawet et al. 2010a). Indeed, Jenkins (2008) showed
that the sensitivity of the VC to pointing offsets θ, in
units of λ/D, is proportional to θl, with θ << 1 (the
same laws apply to the sensitivity to stellar size, which
can be seen as an incoherent sum of pointing offsets).
Fig. 5 presents a throughput curve for the RAVC2 and

RAVC4, as a function of central obscuration size. For
a 10% central obscuration, the RAVC2 throughput is ≃
75% and ≃ 65% for the RAVC4. For 20%, the RAVC2
throughput is ≃ 55% and ≃ 40% for the RAVC4. Note
that the IWA of the VC, classically defined as the 50%
off-axis throughput point (relative to the maximum), is
not affected by the apodizer in the topological charge
2 case (see Fig. 6, left), but marginally affected for the
charge 4 case (see Fig. 6, right), especially as the size of
the central obscuration increases.
The RAVC solution is thus a good compromise be-

tween the numerically-optimized apodizer masks pre-
sented in Carlotti et al. 2013 (in preparation, see also
Section 6.5) as it has comparable throughput but with
a full search area, and the Phase-Induced Amplitude
Apodization Complex Mask Coronagraph (PIAACMC,
Guyon et al. 2013), which involves more complicated op-
tics.

6. TECHNICAL FEASIBILITY

In this section we discuss the technical feasibility of the
RAVC, from the current technology readiness of the VC
to the ring apodizer manufacturability and the optical
layout of the concept, including three practical solutions
to mitigate the diffraction from the secondary support
structures.

6.1. Vortex mask manufacturing

The vector vortex coronagraph (VVC, Mawet et al.
2005, 2009) is one possible and easy route to manu-
facture VCs3. It advantageously makes use of the ge-

3 Noteworthy progress was recently made in the scalar vor-
tex technology, here using computer generated holograms, see

TABLE 1
Characteristics of the three main technologies currently

being used to render the VVC (LCP=liquid crystal polymer,
SG=subwavelength gratings, PC=photonic crystals). l is
the topological charge of the vortex. NIR stands for

near-infrared. MIR stands for mid-infrared. “Cent. def.” is
the size of the defect at the center of the VVC.

Tech. λ l Cent. def. Raw Contrast

LCP VIS-NIR 2-4 < 20µm (a) ≃ 10−9 @ 785 nm
< 5µm (b) ≃ 2 10−8 10% BW

≃ 4 10−8 20% BW
PC VIS(-NIR) 2 < 1µm (c) ≃ 10−8 @ 785 nm
SG (NIR-)MIR 2 < 5µm (d) ≃ 10−5 @ 4 µm (e)

a Manuf. by JDSU (Mawet et al. 2009, 2012), see also Serabyn et al. 2013,
in preparation.
b Manuf. by BeamCo (Nersisyan et al. 2013).
c Manuf. by Photonic Lattice Inc. (Murakami et al. 2010, 2013).
d Manuf. by Uppsala University (Delacroix et al. 2013)
e Without wavefront control.

ometrical or Pancharatnam-Berry phase, which is achro-
matic by nature. The VVC is based on a space-
variant halfwave plates (HWP), circularly symmetric in
the charge 2 case. Manufacturing the VVC thus re-
quires manipulating the polarization vector in a space-
variant manner, i.e. it needs to be significantly mod-
ulated across spatial scales of less than a mm, with
precisions of a few microns and fractions of a degree.
Three technological approaches are currently used to
manufacture the VVC (Mawet et al. 2012): liquid crys-
tal polymers (Mawet et al. 2009), subwavelength grat-
ings (Mawet et al. 2005; Delacroix et al. 2013), and pho-
tonic crystals (Murakami et al. 2010, 2013). Each one
of these technological choices has advantages and draw-
backs, enumerated in Mawet et al. (2012), and practi-
cal vortex devices that have already provided very high
contrast with unobscured apertures are already available
(see Table 1). Thus we now turn to the manufacture of
the new component needed, i.e., the ring apodizer.

6.2. Apodizing Mask manufacturing

Given the extreme simplicity of the ring apodized
masks, and their discrete levels of transmittance, no dif-
ficulty is foreseen in this area. The manufacturing of the
ring apodizer pupil mask should thus be straightforward
and one can envision using either microdot or optical
coating technologies.
The microdot technology uses a halftone-dot process,

where the relative density of a binary array of pixels
(transmission of 0 or 1 at the micron level) is calcu-
lated to obtain the required local transmission (here
uniform within the rings). The manufacturing of cur-
rent apodized pupil Lyot coronagraphs (Soummer 2005;
Soummer et al. 2011) for SPHERE (Kasper et al. 2012)
and GPI (Macintosh et al. 2008) uses the microdot tech-
nology which is well mastered (Martinez et al. 2009a,b).
Note the band-limited coronagraphs of NIRCAM soon to
fly aboard JWST have also made use of a similar tech-
nique (Krist et al. 2009). The demonstrated advantages
of microdot apodizers are numerous: 1%-level accuracy
on the transmission profile, achromatic in phase and am-
plitude, compatibility with a wide range of substrate
material, and with conventional AR coating. Spatial

Errmann et al. (2013).

Throughput

Charge 2

Charge 4

• Analytical solutions for pupil mask take care of the central 
obscuration
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Fig. 1.— A: classical VC of topological charge 2 with a centrally obscured telescope of radius R (r0 is the radius of the secondary shadow).
The residual field interior to the pupil (between r0 and R) leads to contrast degradation in the subsequent focal plane image, as the fraction
of the total energy remaining inside the pupil is (r0/R)2, or 0.04 for a 20% central obscuration. B.: RAVC of topological charge 2. The
ring of radius r1 and amplitude transmittance t1 is optimized so that the overlap of the self-similar vortex functions at the Lyot plane
issued from the central obscuration (green curve) and the ring (blue curve) perfectly cancel each other between r1 and R (red curve).

There is a whole set of solutions to Eq. 4 with 0 <
t1 < 1 and r0 < r1 < R. However, the best solution
will maximize the throughput T for a given r0. T is
defined as the energy going through the ring r1 < r < R,
normalized by the energy nominally transmitted by the
centrally obscured telescope aperture, or

T =
t21

(

1−
(

r1
R

)2
)

1−
(

r0
R

)2 (5)

Substituting Eq. 4 into Eq. 5, and differentiating T
with respect to t1, we find the optimal ring parameters
associated with a charge 2 VC

⎧

⎨

⎩

t1,opt = 1− 1
4

(

R2
0 +R0

√

R2
0 + 8

)

R1,opt =
R0√

1−t1,opt

(6)

where R0 = r0/R, and R1 = r1/R are the relative
radii. Note that t1,opt and R1,opt are functions of r0/R
only (see Fig. 3), which is remarkably analogous to the
problem associated to designing apodizers for apodized
pupil Lyot coronagraphs (APLC) with hard edge focal
plane masks (Soummer 2005). Indeed, in both cases,
there only exists a unique apodizer configuration that
maximizes throughput while yielding a chosen level of
starlight extinction. However due to the nature of the
VC, this optimal solution turns out to rely on sharp vari-
ation of the amplitude profile while the optimal solutions
for an APLC are smooth.

3. CHARGE 4 RAVC

The charge 2 RAVC design is simple and the analytical
solution very easy to find. The cancellation of the field
at the Lyot stop within the outer ring, and the through-
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Fig. 5.— Theoretical maximum throughput of the RAVC2 and
RAVC4 with transmissive ring apodizers for various obscuration
relative diameters r0/R. The throughput decreases with the topo-
logical charge and central obscuration.

tor (Mawet et al. 2010a). Indeed, Jenkins (2008) showed
that the sensitivity of the VC to pointing offsets θ, in
units of λ/D, is proportional to θl, with θ << 1 (the
same laws apply to the sensitivity to stellar size, which
can be seen as an incoherent sum of pointing offsets).
Fig. 5 presents a throughput curve for the RAVC2 and

RAVC4, as a function of central obscuration size. For
a 10% central obscuration, the RAVC2 throughput is ≃
75% and ≃ 65% for the RAVC4. For 20%, the RAVC2
throughput is ≃ 55% and ≃ 40% for the RAVC4. Note
that the IWA of the VC, classically defined as the 50%
off-axis throughput point (relative to the maximum), is
not affected by the apodizer in the topological charge
2 case (see Fig. 6, left), but marginally affected for the
charge 4 case (see Fig. 6, right), especially as the size of
the central obscuration increases.
The RAVC solution is thus a good compromise be-

tween the numerically-optimized apodizer masks pre-
sented in Carlotti et al. 2013 (in preparation, see also
Section 6.5) as it has comparable throughput but with
a full search area, and the Phase-Induced Amplitude
Apodization Complex Mask Coronagraph (PIAACMC,
Guyon et al. 2013), which involves more complicated op-
tics.

6. TECHNICAL FEASIBILITY

In this section we discuss the technical feasibility of the
RAVC, from the current technology readiness of the VC
to the ring apodizer manufacturability and the optical
layout of the concept, including three practical solutions
to mitigate the diffraction from the secondary support
structures.

6.1. Vortex mask manufacturing

The vector vortex coronagraph (VVC, Mawet et al.
2005, 2009) is one possible and easy route to manu-
facture VCs3. It advantageously makes use of the ge-

3 Noteworthy progress was recently made in the scalar vor-
tex technology, here using computer generated holograms, see

TABLE 1
Characteristics of the three main technologies currently

being used to render the VVC (LCP=liquid crystal polymer,
SG=subwavelength gratings, PC=photonic crystals). l is
the topological charge of the vortex. NIR stands for

near-infrared. MIR stands for mid-infrared. “Cent. def.” is
the size of the defect at the center of the VVC.

Tech. λ l Cent. def. Raw Contrast

LCP VIS-NIR 2-4 < 20µm (a) ≃ 10−9 @ 785 nm
< 5µm (b) ≃ 2 10−8 10% BW

≃ 4 10−8 20% BW
PC VIS(-NIR) 2 < 1µm (c) ≃ 10−8 @ 785 nm
SG (NIR-)MIR 2 < 5µm (d) ≃ 10−5 @ 4 µm (e)

a Manuf. by JDSU (Mawet et al. 2009, 2012), see also Serabyn et al. 2013,
in preparation.
b Manuf. by BeamCo (Nersisyan et al. 2013).
c Manuf. by Photonic Lattice Inc. (Murakami et al. 2010, 2013).
d Manuf. by Uppsala University (Delacroix et al. 2013)
e Without wavefront control.

ometrical or Pancharatnam-Berry phase, which is achro-
matic by nature. The VVC is based on a space-
variant halfwave plates (HWP), circularly symmetric in
the charge 2 case. Manufacturing the VVC thus re-
quires manipulating the polarization vector in a space-
variant manner, i.e. it needs to be significantly mod-
ulated across spatial scales of less than a mm, with
precisions of a few microns and fractions of a degree.
Three technological approaches are currently used to
manufacture the VVC (Mawet et al. 2012): liquid crys-
tal polymers (Mawet et al. 2009), subwavelength grat-
ings (Mawet et al. 2005; Delacroix et al. 2013), and pho-
tonic crystals (Murakami et al. 2010, 2013). Each one
of these technological choices has advantages and draw-
backs, enumerated in Mawet et al. (2012), and practi-
cal vortex devices that have already provided very high
contrast with unobscured apertures are already available
(see Table 1). Thus we now turn to the manufacture of
the new component needed, i.e., the ring apodizer.

6.2. Apodizing Mask manufacturing

Given the extreme simplicity of the ring apodized
masks, and their discrete levels of transmittance, no dif-
ficulty is foreseen in this area. The manufacturing of the
ring apodizer pupil mask should thus be straightforward
and one can envision using either microdot or optical
coating technologies.
The microdot technology uses a halftone-dot process,

where the relative density of a binary array of pixels
(transmission of 0 or 1 at the micron level) is calcu-
lated to obtain the required local transmission (here
uniform within the rings). The manufacturing of cur-
rent apodized pupil Lyot coronagraphs (Soummer 2005;
Soummer et al. 2011) for SPHERE (Kasper et al. 2012)
and GPI (Macintosh et al. 2008) uses the microdot tech-
nology which is well mastered (Martinez et al. 2009a,b).
Note the band-limited coronagraphs of NIRCAM soon to
fly aboard JWST have also made use of a similar tech-
nique (Krist et al. 2009). The demonstrated advantages
of microdot apodizers are numerous: 1%-level accuracy
on the transmission profile, achromatic in phase and am-
plitude, compatibility with a wide range of substrate
material, and with conventional AR coating. Spatial

Errmann et al. (2013).
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Fig. 1.— An overview of the coronagraphic setup discussed in this paper. The coronagraph consists of three stages: (A) the
apodizing mask, (B) the vortex phase mask, and (C) the inner Lyot stop. When the beam hits stages A and C, it is in the
pupil plane, and at stage B it is in the focal plane. The diagonal hatching indicates the region of the beam that is blocked by
the secondary mirror and by the inner Lyot stop. In this figure, blue text refers to parts of the beam in the pupil plane, while
green text refers to parts of the beam in the focal plane, including the final image PSF. The top left inset shows an example of
the apodized transmission of flux from an on-axis source through stage A, with an apodization function optimized for a charge
4 vortex and a central obscuration that is 30% the radius of the pupil. The inset on the right show the real and imaginary parts
of the electric field at stage B. The bottom left inset shows the field at stage C- the dashed lines show where the field is either
outside the radius of the pupil Rp or is blocked by the inner Lyot stop with radius RB .
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apodizing mask, (B) the vortex phase mask, and (C) the inner Lyot stop. When the beam hits stages A and C, it is in the
pupil plane, and at stage B it is in the focal plane. The diagonal hatching indicates the region of the beam that is blocked by
the secondary mirror and by the inner Lyot stop. In this figure, blue text refers to parts of the beam in the pupil plane, while
green text refers to parts of the beam in the focal plane, including the final image PSF. The top left inset shows an example of
the apodized transmission of flux from an on-axis source through stage A, with an apodization function optimized for a charge
4 vortex and a central obscuration that is 30% the radius of the pupil. The inset on the right show the real and imaginary parts
of the electric field at stage B. The bottom left inset shows the field at stage C- the dashed lines show where the field is either
outside the radius of the pupil Rp or is blocked by the inner Lyot stop with radius RB .
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Fig. 3.— Throughput of charge 2 and 4 apodized vortex coronagraphs are shown as a function of the secondary mirror
radius relative to the primary mirror radius, where an apodizing filter is used. Solid curves are for apodizations that are not
required to be smooth, while dotted, dash-dotted, and dashed lines are for smooth apodizations described by polynomials of
order 4, 8, and 20. The black curves are for a c = 2 coronagraph, and the black solid line corresponds to the ring-apodized
vortex coronagraph. The green curves are for a c = 4 coronagraph, and the blue curves are for a c = 6 coronagraph. The
additional degrees of freedom allowed for by the constraints for each successive charge results in the coronagraph having superior
throughput compared coronagraphs of lower charge for large central obscurations. Since the linear program optimizes the pupil
apodization for transmission, for the charge 4 and 6 coronagraphs, the optimal throughput curves may be higher than those
presented here.

Fig. 4.— Break radii corresponding to optimized transmissions are shown as a function of secondary mirror radius. Line styles
and colors are the same as in Figure 3. The break radius is identical to the size of the inner Lyot stop, and so can be a limiting
factor in the total throughput. This degeneracy between inner Lyot stop size and apodization results in RB not increasing
smoothly with Rs/Rp. For higher charges, transmission is a decreasingly reliable estimator of throughput

Fogarty et al. (in prep)
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• Use Deformable Mirrors to take care spiders/segment gaps.

8 Pueyo & Norman

DM1

DM2
Apodiser

FPM

Lyot Stop

Coronagraph

Figure 3. Schematic of the optical system considered: the telescope apertures is followed by two sequential Defromable Mirrors (DMs)
in non-conjugate planes whose purpose is to remap the pupil discontinuities. The beam then enters a coronagraph to suppress the bulk of
the starlight: in this figure we show an Apodized Lyot Pupil Coronagraph (APLC). This is the coronagraphic architecture we consider for
the remainder of the paper but we stress that the method presented herein is applicable to any coronagraph.

equation driving the design of PIAA coronagraphs (Van-
derbei & Traub 2005). A full di↵ractive optimization of
the DM surfaces requires use of the complete transfer
function shown in Eq. 16. However, there do not exist
yet tractable numerical method to evaluate Eq. 16 e�-
ciently enough in order for this model to be included in
an optimization algorithm. Moreover even solving the
ray optics problem is extremely complicated: it requires
to find the mapping function (f1, g1) which solves the
non-linear partial di↵erential equation in Eq. 19. Sub-
stituting for(f1, g1) and using Eqs. 12b yields a second
order non-linear partial di↵erential equation in h2. This
is the problem that we set ourselves to tackle in the next
section, and is the cornerstone of our Adpative Com-
pensation of Aperture Discontinuities. As a check, one
can verify that in the small deformation regime (e.g. if
h1(x, y) = �✏ cos( 2⇡

D (mx+ny)) and h2(x, y) = �h1(x, y))
Eq. 19 yields the same phase-to-amplitude coupling as
in Talbot imaging (Pueyo 2008). Eq. 19 is a well know
optimal transport problem (Monge 1781), which has al-
ready been identified as underlying optical illumination
optimizations (Glimm & Oliker 2002). While the exis-
tence and uniqueness of solutions in arbitrary dimensions
have been extensively discussed in the mathematical lit-
erature (see Dacorogna & Moser (1990) for a review),
there was no practical numerical solution published up
until recently. In particular, to our knowledge, not even
a dimensional solution for which the DM surfaces can be
described using a realistic basis-set has been published
yet. We now introduce a method that calculates solu-

tions to Eq. 19 which can be represented by feasible DM
shapes.

4. CALCULATION OF THE DEFORMABLE MIRROR
SHAPES

4.1. Statement of the problem

Ideally, we seek DM shapes that fully cancel all the
discontinuities at the surface of the primary mirror and
yield a uniform amplitude distribution, as shown in the
top panel of Fig. 4. A solutions for a particular geom-
etry with four secondary support has been derived by
Lozi et al. (2009). It relies on reducing the dimension-
ality of the problem to the direction orthogonal to the
spiders. It is implemented using a transmissive correct-
ing plate that is a four-faced prism arranged such that
the vertices coincides with the location of the spiders.
The curvature discontinuities at the location of the spi-
ders are responsible for the local remapping that removes
the spiders in the coronagraph pupil. However such a so-
lution cannot be readily generalized to the case of more
complex apertures, where the secondary support struc-
tures might vary in width, or in the presence of segment
gaps. Moreover it is transmissive and thus highly chro-
matic. Here we focus on a di↵erent class of solutions
and seek to answer a di↵erent question. How well can
we mitigate the e↵ect of pupil discontinuities using DMs
with smooth surfaces, a limited number of actuators (e.g
a limited maximal curvature), and a limited stroke? Un-
der these constraints directly solving Eq. 19 (e.g. solving
the forward problem illustrated in the top panel of Fig. 4)

Pueyo and Norman (2013)
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Mawet et al., ApJ 633 1191 (2005) 

“Piston” rejected by Lyot stop for even (nonzero) charges.  



Performance with unobscured (off-axis) telescopes 10 

Throughput is defined as energy within 
0.7 λ/D of the source position, 
normalized to that of the telescope.  

Residual starlight (ideal) “Planet” throughput 

Stellar irradiance is azimuthally averaged and  
normalized to the peak of the telescope PSF. 

Mawet et al., Proc. SPIE 773914 (2010)  

With ideal optical system, 
0.1 λ/D source sufficiently 
suppressed for charge 6  
or higher 

Charge 4 
High throughput 
at small angles 

Charge 6 



ExoEarth Candidate Yield Calculations  11 

•  Method outlined in Stark et al. (2014) and (2015)  
•  Target list generated using Hipparcos catalog 

•  Nearest main sequence and sub-giant stars w/o companions 
•  η⨁ = 0.1 
•  3 ‘zodis’ of dust 
•  V band detections with S/N = 7 (via classical imaging only) 

•  No spectral characterization 
•  Multiple visits allowed 

•  Total integration time = 1 year 
•  Detection limit: Splanet > 0.1Sstar 
•  Coronagraph simulations include the finite size of star 
•  All other optical aberrations/imperfections ignored 

Stark et al., ApJ 795 122 (2014) 
Stark et al., ApJ 808 149 (2015) 

Diameter VC4 Yield VC6 Yield VC8 Yield 
4.0-m 8 7 5 
6.5-m 19 17 14 
12-m 55 53 45 



Performance with unobscured (off-axis) telescopes 12 

Residual starlight with λ/1000 rms wavefront error 

Stellar irradiance is azimuthally averaged and  
normalized to the peak of the telescope PSF. 

Charge 4 Charge 6 

Mawet et al., Proc. SPIE 773914 (2010)  

Charge 4 insensitive to defocus Charge 6 insensitive to defocus, 
astigmatism, coma, and spherical 

Trefoil 



Zernike mode selection rules  13 

l n m> +

Zernike mode  
is rejected if: 

 is evenl

exp iΦ( ) ≈1+ iΦ
Φ = Zn

m r,θ( )

Mawet et al., Proc. SPIE 773914 (2010)  
Ruane et al., Proc. SPIE 96051I (2015) 

VC rejects 
Zernike modes to  
first order 

For small phase aberration 
i.e. 

l / 2( )2

Φ≪1 rad



Low order aberration requirements for unobscured telescope  14 

Charge 4 

Charge 6 

~2nm rms ~50pm rms ~50pm rms 

~9nm rms 
~2nm rms ~2nm rms 

rms WFE 

rms WFE 

rms WFE rms WFE 

rms WFE rms WFE 



SCDA aperture designs 15 
on

-a
xi

s 
of

f-a
xi

s 

Can we take advantage of these benefits on  
segmented apertures? 

 
SCDA study, led by Stuart Shaklan (JPL), supported by the  
Exoplanet Exploration Program (ExEP). 



Grayscale apodized vortex coronagraph   16 

Apodizer

(a)

Focal plane mask

exp(i2φ)

Field mag. before LS Lyot stop (LS)

(b)

exp(i4φ)

0

1

−π

π

Mawet et al., ApJS 209 7 (2013) 

eilφ

on-axis point source, 
perfect wavefront 



Grayscale apodized vortex coronagraph   17 

Pupil 

−10

−9

−8

−7

−6

−5

Apodizer Lyot stop 

Stellar irradiance 

0

1

Ruane et al., Proc. SPIE 99122L (2016) 



A family portrait of apodizer designs 18 



ExoEarth Candidate Yield Calculations  19 

Telescope ExoEarth Yield 
4.0-m off-axis monolith 7 

6.5-m off-axis monolith 17 
12-m  off-axis monolith 53 
4.0-m off-axis segmented 3-4 
6.5-m off-axis segmented 8-11 

12-m  off-axis segmented 22-30 
12-m  on-axis segmented work in progress 

Off-axis monolith Off-axis segmented On-axis segmented 

Yield maintained in the presence of nm level low order aberrations in off-axis cases 



Improving designs for on-axis telescopes  20 

•  Goal: Reach performance achieved with an off-axis 
monolith (>50 exoEarths for 12m) on segmented 
telescopes. 

•  Compounding issues with current on-axis designs: 
1.  Decreased throughput. 
2.  More sensitivity to the finite size of the star. 
3.  Large D means λ/D is smaller with respect to the star.  
4.  More sensitivity to low order aberrations.  

•  Updating optimization procedure to combat these effects. 

•  Several approaches have yet to be considered: 
•  Gray-scale apodizers with updated metrics 
•  Lyot stop optimization 
•  Focal plane mask optimization 



High Dispersion Coronagraphy 
(HDC) 

Caltech: Ji Wang, Dimitri Mawet, 
Garreth Ruane, Bjorn Benneke,  

JPL: Renyu Hu 
 



High Dispersion Coronagraphy 
(HDC) 

and Template Matching 

Mawet et al. 2016 



High Dispersion Coronagraphy (HDC) 

Snellen et al. 2015 

•  Notional for ground-based telescopes: 
•  High dispersion -> 104 

•  Coronagraph -> 103 – 104 

•  HDC -> 107 – 108 (the planet-star contrast of 
Proxima Cen b) 



HDC Instruments 

•  CRIRES 
•  SPHERE + ESPRESSO 
•  SCExAO + IRD 
•  MagAO-X + RHEA 
•  Keck Planet Imager and Characterizer 

(KPIC) 
•  Space? (LUVOIR/HabEx) 



Science cases and challenges for 
HDC 

•  Planet detection and confirmation at 
moderate star suppression levels (how 
much gain by high dispersion?) 

•  Detecting molecular species in planet 
atmospheres (mismatched template?) 

•  Measuring planet rotation (spectral 
resolution requirement?) 

•  Mapping surfaces/atmospheres of 
exoplanets (SNR requirement?) 



HDC Simulator 



LUVOIR 



LUVOIR 



LUVOIR – photon-noise only 

•  A spectrograph can relax the star light suppression requirement by 1-2 
orders of magnitude for planet detection.  

•  High dispersion is required for CO2 detection 

Wang et al. 2016  
submitted to ApJ 



Adding Detector Noise 
High dispersion regime 

Wang et al. 2016  
submitted to ApJ 



Speckle Chromatic Noise 

Simulation by Garreth Ruane 
see also Krist et al. 2008 



Absorption bands vs. lines 



Adding Spectral Chromatic Noise 

Wang et al. 2016  
submitted to ApJ 

High dispersion regime 

Low dispersion regime 

•  R = 1600 and star suppression = 5 x 10-8 is an optimal combination to relax the 
requirement for star light suppression and maintain high sensitivity to planet 
detection 

•  H2O and O2 can still be detected at >3-sigmal level, CO2 no longer detectable  

Planet to star contrast = 6.1 x 10-11 



Source of Noise 



HabEx 



HabEx– photon-noise only 

Wang et al. 2016  
submitted to ApJ 



Adding Spectral Chromatic Noise 
and detector noise 

Wang et al. 2016  
submitted to ApJ 

High dispersion regime 

Low dispersion regime 

•  R = 400 and star suppression = 5 x 10-9 is an optimal combination to relax the 
requirement for star light suppression and maintain high sensitivity to planet 
detection 

•  H2O and O2 can still be detected at >3-sigmal level, CO2 no longer detectable  

Planet to star contrast = 6.1 x 10-11 



Only Spectral Chromatic Noise  
No detector noise (HabEx) 

Low dispersion regime 

•  R = 1000 and star suppression ~10-9 is an optimal combination to relax the 
requirement for star light suppression and maintain high sensitivity to planet 
detection 



Summary 

•  We develop a framework to simulate performance of  an 
HDC instrument. 

•  HDC relaxes star suppression level by 1-2 orders of  
magnitude for space-based mission to detect an Earth-
like planet around a solar-type star. 

•  Detector noise is a major factor that limits the 
performance of  a space-based HDC instrument. 

•  Speckle chromatic noise limits the performance at low 
spectral resolution regime. R>1000 is preferred to 
remove the speckle chromatic effect. 



Take home messages!
•  SCDA study found coronagraph designs for segmented / 

obscured apertures (e.g. APLC, VC)!

•  We do have coronagraph solutions immune to low-order 
aberrations for unobscured telescopes !

•  low-order aberrations (z2-z8, z11) are in the null space 
of the VC6, enabling stability requirement relaxation by 
~1-2 orders of magnitude !

•  not clear if this immunity is valid for obscured 
telescopes, (work in progress for VC AND APLC)!

•  all options still need to consider realistic aberrations 
=> all yield estimations are upper limits!



Habex is zeroing on a potential internal 
coronagraph architecture !

•  Charge 6 Vortex with off-axis 4-m monolith:!

•  F/2.0-F/2.5 primary, polarization effects 
negligible !

•  HST-like UV Al-Ag coatings on M1 and M2!

•  Wavefront stability relaxed to ~1 nm rms !
(z2-z8,z11)!

•  Exo-Earth yield = 7 (V-band imaging)!



Two instrument architectures!

•  Integral field spectrograph with R~70 (a la WFIRST)!

•  Imager + diffraction-limited spectrograph !

•  Classical imager for detection !

•  R~1000 spectrograph for characterization:!

•  Cross-correlation technique side-steps speckle 
noise, potentially relaxing raw contrast 
requirements by 1-2 orders of magnitude !



Habex and LUVOIR: partial yield 
calculation for internal coronagraphs !

4-m off-axis! 6.5-m on-axis! 6.5-m off-axis! 12-m on-axis! 12-M off-axis!

Mission! Habex! Habex/LUVOIR! Habex/LUVOIR! LUVOIR! LUVOIR!

Coronagraph! VC6! APLC! vc6! APLC! VC6!

exo-Earth Yield! 7! 12! 9-17! 31! 22-53!

Stability C<1e-11: !
Z2->z8, Z11! 1 nm! ?! 1 nm! ?! 1 nm!

F#! f/2.0-F/2.5! ?! f/2.0-F/2.5! ?! f/2.0-F/2.5!

Coating! Al-Ag! ?! Al-Ag! ?! Al-Ag!



Extra slides 

44 



John Krist (JPL)!



John Krist (JPL)!



Notes to self!
•  For the VC on a circular unobscured pupil, the light is 

diffracted outside the pupil. !

•  For the VC, when there is any feature inside the pupil, light is 
diffracted inside the pupil. !

•  The apodizer distributes the light s.t. it self-cancels, inside 
the pupil, but the field strength in the pupil is strong !

•  The tip-tilt, or any aberrations destroys the self-cancellation, 
so overcomes the natural rejection of the pure mask !

•  The APLC removes most of the light before it reaches the LS!

•  Can we try that with the vortex? E.g. put a central dot on the 
mask?!



Designs for off-axis segmented telescopes 48 

Pupil charge 4 charge 6 charge 8 Lyot stop 

Pupil charge 4 charge 6 charge 8 Lyot stop 

key24: 2-ring Keystone/Piewedge (24 segments) 

hex3: 3-ring Hex (37 segments) 



Performance for off-axis segmented telescopes 49 

Residual starlight (ideal) 

key24 hex3 

Stellar irradiance is azimuthally averaged and  
normalized to the peak of the telescope PSF. 



Performance for off-axis segmented telescopes 50 

“Planet” throughput 

key24 

Throughput is defined as energy within 0.7 λ/D of the source position, 
normalized to that of the telescope.  

hex3 



Performance for off-axis segmented telescopes 51 

Residual starlight with λ/1000 rms wavefront error 

charge 4 charge 6 
ke

y2
4 

he
x3

 



Designs for on-axis segmented telescopes 52 

Pupil charge 4 charge 6 charge 8 Lyot stop 

Pupil charge 4 charge 6 charge 8 Lyot stop 

key24: 2-ring Keystone (24 segments) w/ cross spiders (10cm/12m) 

hex3: 3-ring Hex (36 segments) w/ 60° y-spiders (10cm/12m) 



Performance for off-axis segmented telescopes 53 

Residual starlight (ideal) 

key24 hex3 

Stellar irradiance is azimuthally averaged and  
normalized to the peak of the telescope PSF. 



Performance for off-axis segmented telescopes 54 

“Planet” throughput 

key24 

Throughput is defined as energy within 0.7 λ/D of the source position, 
normalized to that of the telescope.  

hex3 



Performance for off-axis segmented telescopes 55 

Residual starlight with λ/1000 rms wavefront error 

charge 4 charge 6 
ke

y2
4 

he
x3

 



Beam shaping used in lieu of an apodizer can 
improve throughput 

 56 



Beam shaping with central obscuration  57 

Solution obtained via “Auxiliary Field Optimization” (Jewell et al., in prep.)  



Beam shaping without central obscuration  58 

Solution obtained via “Auxiliary Field Optimization” (Jewell et al., in prep.)  



Throughput comparison  59 

beam shaping, w/o 

obscuration 

gray-scale apodizer, w/o obscuration 

gray-scale apodizer, w/ obscuration 

beam shaping, w/ obscuration 

w/ obs. w/o obs. 

(w
ith

in
 0

.7
 λ

/D
) 



Optimization procedure  60 

C – coronagraph propagation 
operator 

Q – dark hole region 
w – auxiliary field 
b – regularization parameter 
Epup – current pupil field 
A – gray-scale apodizer  
P – original pupil field 

min
w

QCw 2 + b w − Epup
2( )

w = bI +C†QC( )−1bEpup

Epup 

1. Solve for pupil field that will 
create the specified dark hole: 

2. Apply constraints set by 
optical system to A = |w|: 

0 ≤ A ≤1
supp A{ } = supp P{ }

3. Set Epup = PA, and repeat 

Algorithm: 

Q w 

C 

Aux. field optimization algorithm 
developed by Jeff Jewell, JPL 



Elliptical sub-aperture apodizers   61 

Ruane et al., Appl. Opt. 52, 171 (2013) 
Ruane et al., Optica 2, 147 (2015) 

Pupil Lyot stop 

Stellar irradiance 

An elliptical sub-aperture 
on LUVOIR has more 
collecting area than a 4-m 
monolith (20% vs. 14%) 
 
…and its possible to use 
more than one! 

Focal plane mask 



Focal plane mask optimization: complex correctors 
 

 62 

Complex corrections to the focal plane mask may 
help relocate more light outside of the Lyot stop.  

Ruane et al., Proc. SPIE 96051I (2015) 



Lyot stop optimization: binary mask 
 

 63 

“Raw” Lyot stop 



Lyot stop optimization: apodizer  64 

π 

-π 

Entrance pupil (E-ELT) Phase masks for Lyot Stop 

Stellar PSF w/o apodization 

Ruane et al., A&A 583, A81 (2015) 
Ruane et al., Proc. SPIE 96051I (2015) 

Stellar PSF w/ apodization 

~50% throughput  ~30% throughput  



e.g. Charge 6 rejects astigmatism  65 

Mawet et al., Proc. SPIE 773914 (2010)  
Ruane et al., Proc. SPIE 96051I (2015) 

z 

f
L1 L3 f f f

L2 

FP1 FP2 PP1 

LS 

PP2 

π 

-π 0 

1 

Phase mask Lyot plane Astigmatism Lyot stop 

on-axis point source, 
perfect wavefront 

exp iΦ( ) ≈1+ iΦ
For small phase aberration 
i.e. 



SCDA: How challenging are these apertures? 66 

Relative challenge for 12-m telescope 

 
With input from:  
L. Feinberg, T. Hull,  
J. Scott Knight, J. Krist,  
P. Lightsey, G. Matthews, 
S. Shaklan, and  
H. Philip Stahl 





Transmission Spectroscopy 

11/10/16 Knutson et al. 2007 

Fischer et al. 2016 



Cloud and Haze 

11/10/16 Kreidberg et al. 2014 

Sing et al. 2011 

Sing et al. 2016 



High Resolution Spectroscopy 

Wyttenbach et al. 2015 
HD 189733b 

See also Khalafinejad et al. 2016 



Atmospheric Composition From 
High-Resolution Spectroscopy 

11/10/16 

HD 209458, Snellen et al. 2010 



Planet Rotation – Beta Pic b 

Snellen et al. 2014 
Dashed - Instrument Profile 
Solid – Measured Line Profile 



Doppler Imaging – Luhman 16 A & 
B 

Deviation from mean  
line profile vs. time 



Luhman 16 B (Crossfield et al. 2014) 

CCloud map of Lunman 16 B 



Detection of H2O and CO on HR 
8799 c 

11/10/16 

Keck OSIRIS 

Konopacky et al. 2013 



Reflection Spectrocopy 

Morley et al. 2014 



Keck Planet Imager and Characterizer 
PI: D. Mawet (Caltech) 

•  Upgrade to Keck II AO and instrument suite: 
–  L-band vortex coronagraph in NIRC2 - deployed 
–  IR PyWFS – funded (NSF) 
–  SMF link to upgraded NIRSPEC (FIU) - funded (HSF & NSF) 
–  High contrast FIU – seeking funding 
–  MODIUS: New fiber-fed, Multi-Object Diffraction limited IR Ultra-high 

resolution (R~150k-200k) Spectrograph – design study encouraged by 
KSSC 

 
•  Pathfinder to ELT planet imager exploring new high contrast 

imaging/spectroscopy instrument paradigms: 
–  Decouple search and discovery from characterization: specialized 

module/strategy for each task 
–  New hybrid coronagraph designs: e.g. apodized vortex  
–  Wavefront control: e.g. speckle nulling on SMF 



CCF SNR 
SNR = Peak / Fluctuation 



Limiting Factors of CCF SNR 
for HR 8799e Observation 



Detecting Molecular Species 



Space-based vs. Ground-based 

•  Non-cryogenic vs. cryogenic 
•  Atmosphere-free vs. atmosphere 
•  Absorption bands vs. lines 
•  Starlight suppression 
•  Inner working angle 
•  Sun-Earth vs. M dwarf planet 



Redefining CCF SNR for Space-
based Observation 

•  CCF does not work well in low spectral 
resolution (few data points) 



CCF at Low Resolutions 

Searching for O2 



Redefining CCF SNR for Space-
based Observation 

•  CCF does not work well in low spectral 
resolution (few data points) 

•  Masked cross correlation function 



Masked Cross Correlation 

Searching for O2 



Redefining CCF SNR for Space-
based Observation 

•  CCF does not work well in low spectral 
resolution (few data points and speckle 
chromatic noise) 

•  Masked cross correlation function 
•  Photon-noise changes a factor of a few at 

two ends of spectrum (0.5 – 1.7 um) 



Redefining CCF SNR for Space-
based Observation 

•  CCF does not work well in low spectral 
resolution (few data points and speckle 
chromatic noise) 

•  Masked cross correlation function 
•  Photon-noise changes a factor of a few at 

two ends of spectrum (0.5 – 1.7 um) 
•  Speckle chromatic noise 



New Definition of CCF SNR 
Red arrow – noiseless CCF peak 
Blue error bar – median and 1-sigma range of simulated CCF peak distribution 



Absorption bands vs. lines 



Absorption bands vs. lines 



M Dwarf Planet “Frenzy” 

Anglada-Escudé et al. 2016 
Proxima Cen b 



NIR HDC Observation of Prox Cen 
b with 30-m Class Telescopes 





Sources of Noise 



Our order 

•  Small Red pie w/ Mozzarella 
– buffalo chicken, onion, garlic, green pepper 

•  Small Red pie w/ Mozzarella 
– shrimp, onion, garlic, broccoli, basil  

•  White pie w/ Mozzarella 
– mashed potato, bacon, onion 

95 


